INTRODUCTION
Excessive heavy metals in the environment are toxic to organisms, resulting in disturbance of the ecosystem. It is known that heavy metal contamination lessens soil respiration (Hattori, 1992) , microbial biomass (Brookes and McGrath, 1984; Chander et al., 1995) , soil enzyme activities (Mathur and Sanderson, 1980) , and microbial numbers (Pennanen et al., 1996) . In heavy metal-contaminated soils, sensitive bacteria decreased while tolerant bacteria increased. This leads to the increase in the frequency of resistant bacteria with an increase in heavy metals in the soils (Olson and Thornton, 1982; Huysman et al., 1994; DiazRavina and Baath 1996; Kunito et al., 1997a, b) . Because heavy metals in the soils are present in various forms due to interactions with various soil properties Ross, 1994) , total heavy metal concentrations in soils cannot provide a precise evaluation of their in#uence upon soil microorganisms (Lake et al., 1984; Berti and Jacobs, 1996; Kunito et al., 1998) .
Some features of soil microorganisms, such as the microbial biomass size and soil enzyme activity, are often used as bioindicators for the ecotoxicity of heavy metals (Brookes, 1995) . Every bioindicator does not respond consistently to heavy metal contamination in the soil. Recently, Nagumo (1996, 1997) reported that each copper (Cu) form suppressing the microbial biomass carbon and dehydrogenase activity was di!erent in the Cu-contaminated soils. Microbial biomass C-to-soil organic C ratio (C /Org-C) was negatively correlated with the 0.1 M HClextractable Cu concentrations, and dehydrogenase activity expressed on a soil organic matter basis was negatively correlated with the 0.1 M CaCl -extractable Cu concentrations in the Cu-contaminated apple orchard soils. They concluded that the size of the microbial biomass was adversely a!ected by slightly soluble fractions of Cu (including organically bound Cu), while microbial activities were a!ected by the water-soluble and exchangeable Cu in the soils. However, a similar investigative attempt has been rare in other studies, and more information is needed to employ some soil microbial features as bioindicators for contamination.
In the present study, soil samples were collected to include ranges of pH, organic matter, and total Cu contents near a copper mine and the relationships between microbial features and Cu forms were investigated to clarify the form(s) of Cu adversely a!ecting microorganisms in these soils. The e!ects of heavy metal on soil microorganisms were evaluated by two indicators: C /Org-C (Chander and Brookes, 1991; Fliessbach et al., 1994 ) and the heavy metal tolerance level of the bacterial community (IC ) (Diaz-Ravina et al., 1994; Diaz-Ravina and Baath, 1996; Pennanen et al., 1996) . The sequential extraction scheme of McLaren and Crawford (1973) was used to quantify the di!erent Cu forms (soluble and exchangeable, speci"cally adsorbed, and organically bound). The relationships between the bioindicators of Cu contamination and the forms of Cu in the Cu-contaminated soils are also discussed.
MATERIALS AND METHODS

Soil Samples
Eleven copper-contaminated soil samples were collected near a copper mine in Akita Prefecture, Japan. Samples A, B, C, and D, collected from a forest, were rich in organic matter. Seven other soils from places with little or no vegetation, were sampled. These had little organic matter, and the pH values of E, F, and G were about 8 because they were treated with lime to prevent e%uence of Cu from the soils.
The soils were passed through a 2-mm sieve and dispersed well. A portion of the soil samples was air-dried for chemical analyses. The pH values and amounts of total nitrogen (Total-N), organic carbon (Org-C), noncrystalline Fe (Fe ), and noncrystalline Mn (M ) are presented in Table 1 . The amount of soil Org-C was measured as described by Nelson and Sommers (1982) . The Fe and Mn were extracted using (Nagatsuka, 1993) .
Copper Fractionation
The "rst three steps of the chemical fractionation procedure from Crawford (1973, 1974) were used to estimate soluble and exchangeable, speci"cally adsorbed, and organically bound forms of Cu in the soil. In brief, soluble and exchangeable Cu (Ex-Cu) was extracted from air-dried soil using 0.05 M CaCl solution by shaking for 24 h. After Ex-Cu extraction, speci"cally adsorbed Cu (HOAc-Cu) was extracted from the residue using 2.5% acetic acid by shaking for 24 h at 303C. A fresh sample of soil was extracted by 0.1 M K P O for 16 h at 303C, and organically bound Cu (Pyro-Cu) was calculated by subtracting the Cu concentrations of the "rst two steps (Ex-Cu and HOAc-Cu) from the 0.1 M K P O -extractable Cu concentration. In each extraction, the mixture was centrifuged at 30,000g for 35 min, and the supernatant was "ltered through a 0.45-m "lter. Copper in the extracts was determined using either an atomic absorption spectrophotometer (Shimadzu, AA-680) or a graphite furnace atomic absorption spectrophotometer (Hitachi, Z-9000), depending on the Cu concentration. Total Cu (T-Cu) content in the soil was determined according to the method described by Chino et al. (1992) : air-dried soil sample was digested with an acid mixture (HNO : HClO : H SO "10 : 4 : 1). These extractions were carried out in triplicate and represent their mean values.
Copper Tolerance Level of Bacterial Community
The Cu tolerance level of the bacterial community (IC ) was determined to evaluate the in#uence of Cu on bacteria in the soil. According to Diaz-Ravina et al. (1994) , IC values were determined by the plate-count method. Because the bacterial community extracted from the soil is examined under the same conditions, this technique allows determination of the metal tolerance level of the soil bacterial community in situ. Thus, this value is scarcely a!ected by various soil properties other than heavy metal e!ects (Baath, 1992; Baath et al., 1998) . The bacterial numbers were estimated by a dilution plate-count technique. For a medium, a diluted TSB}agar plate (0.2% tryptic soy broth, 1% agar, 50 mg cycloheximide L\) was supplemented with Cu at appropriate concentrations. The logarithms of the Cu concentration (IC ), resulting in a decrease of 50% from the control plate (not supplemented with Cu) in colony forming units (cfu), were then determined. The IC values for the plate counts were calculated from the slope of the decreasing linear part of the plot of the percentage of inhibition versus the logarithms of Cu concentration. In this study, the cfu values represent the colony numbers on agar plates not supplemented with Cu.
INFLUENCES OF COPPER FORMS ON THE TOXICITY IN SOILS
Microbial Biomass Carbon in the Soil
The microbial biomass C-to-soil organic C ratio (C /Org-C) was also determined to evaluate the in#uence of Cu on microorganisms in the soil. It is known that this ratio is small in heavy metal-contaminated soils (Chander and Brookes, 1991; Fliessbach et al., 1994) for the increase in the energy demand for maintenance of the microbial biomass (Dahlin and Witter, 1998) . Microbial biomass C was measured by a chloroform fumigation-extraction method (Vance et al., 1987) . The soil was fumigated with ethanol-free chloroform for 24 h at 25 3C and was extracted with 0.5 M K SO for 30 min. The amounts of organic C in the extracts were measured using an organic carbon analyzer (Shimadzu, TOC-5000). Soil microbial biomass C (C ) was calculated from the equation C "2.04;E (Inubushi, 1992) , where E "[(amount of C extracted by 0.5 M K SO from fumigated soil)!(amount of C extracted by 0.5 M K SO from nonfumigated soil)].
Statistical Analyses
The data of soil chemical and biological properties were subjected to a principal component analysis, which explains as much variability as possible in terms of a few linear combinations of the variables (Tanaka and Wakimoto, 1983) . When most of the variation is explained by the "rst two components, a two-dimensional scattergram, plotting the values for the "rst two principal components of the data points, gives essential features of the multidimensional scatter. Stepwise multiple linear regression analysis was performed to investigate the forms of Cu in#uencing the bacterial Cu tolerance levels or biomass C contents in soils. In this analysis, F values for the addition and removal of one variable as 2.0 were kept in order to "nd a reasonable predictive equation. All these statistics were executed by the program SRISTAT (Social Survey Research Information Co., Ltd., Japan).
RESULTS
Copper in Each Fraction
Three bioavailable Cu fractions (Ex-Cu, HOAc-Cu, and Pyro-Cu) and other soil properties were determined for the soils (Table 1) . Signi"cantly high T-Cu concentration was found in E, F, and G, whereas extremely high Ex-Cu concentrations were found in H, I, and K. The concentrations of HOAc-Cu and Pyro-Cu were very high in E, F, and G; this is similar to the results of T-Cu.
Relationships between IC and Each Copper Fraction
High Cu tolerance level (IC ) was found in H and I, whereas low IC value was in B, C, D, F, and G ( Table 2 ). The IC value was much greater in H than G, which has 40.7 times the T-Cu concentration of H. There was no signi"cant relationship between log [T-Cu] and IC in the soils (r"0.013, P'0.05; Table 3) .
The relationships were then examined between the IC value and three bioavailable Cu fractions. The value of IC was highly correlated with the value of log [Ex-Cu] (r"0.757), and no correlation was found with other Cu fractions or pH (Table 3 ). Figure 1 indicates that the Ex-Cu was in#uenced by pH and T-Cu. The Ex-Cu concentration was very low in E, F, and G in which the pH value was high, though their T-Cu concentrations were very high ( Table 1) . The ratio of Ex-Cu to T-Cu concentration was signi"cantly correlated with the pH value in the soils (r"0.883). A similar relationship was reported for cadmium (Mench et al., 1997) .
Relationships between C /Org-C and Each Copper Fraction
The C was positively correlated with the organic C contents, while negatively correlated with the log [HOAcCu] (Table 3 ). The C /Org-C ratio was very high in some soils, ranging from 0.0052 to 0.44 (Table 2 ). The C /Org-C ratio was positively correlated with pH, log [HOAc-Cu], and log [T-Cu] (Table 3) . However, the positive relationships between the C /Org-C ratio and the Cu amounts (HOAc-Cu and T-Cu) were strange because these relations meant that the microbial biomass increased with an increase 176 in Cu amount in the soil. The possible explanation for these relationships is considered under Discussion.
Principal Component Analysis
Principal component analysis was performed to investigate the relationships between IC , C /Org-C, and soil properties (Fig. 2) . This analysis based on 11 characters revealed that the "rst component explained 44.0% of the variance, and the second up to 82.2%. The scores of the two components of the soil properties are plotted (Fig. 2a) . The Cu fractions except for Ex-Cu contributed signi"cantly to the "rst component. Organic C, total N, cfu, and C contributed signi"cantly to the second component, and only Ex-Cu had a negative value of the second component.
The IC , which was calculated by subtracting !4.00 from the IC value, (Fig. 2b) and C /Org-C (Fig. 2(c) are represented by the length of the bar on the two-dimensional score point of the two components of each soil, respectively. The soil with a negative score of the second component had a high value of IC (Fig. 2b) . The C /Org-C ratio was high in the soils with a positive score for the "rst component and in the soils with negative scores for both components (Fig. 2c) .
DISCUSSION
Heavy metals are present in various forms with di!erent degrees of mobility and bioavailability in soil. Hence, the sequential extraction scheme of McLaren and Crawford (1973) was used to quantify the di!erent Cu forms in the present study. The relationships between Cu speciation and microbial features (the ratio of microbial biomass carbon to soil organic carbon (C /Org-C) and Cu tolerance level of bacterial community (IC )) were investigated in order to clarify the form(s) of Cu adversely a!ecting microorganisms.
A high IC value was found in H and I soils (Table 2) , implying high portions of Cu-tolerant bacteria in the bacterial communities of these soils. It was expected that the ratio of Cu-tolerant bacteria to total bacteria increased with Cu toxicity for surviving and adapting of Cu-tolerant bacteria in these soils, leading to high IC value in the soils. No signi"cant relationship between log [T-Cu] and IC in the soils (Table 3) suggested that the value of T-Cu cannot be used for the evaluation of Cu toxicity to soil bacteria. Contrary to this, there was a signi"cant correlation between log [Ex-Cu] and IC (Table 3) . This suggested that Ex-Cu, which was the most labile Cu phase, had great in#uence on the bacterial community in the soils. These results agreed well with other recent studies by Gupta and Aten (1993) , Spurgeon and Hopkin (1996) , and Peijnenburg et al. (1997) ; these investigators reported that water and dilute acid solutions are useful as selective extractants to determine the quantity of bioavailable metals in soils. It was also found that the ratio of Ex-Cu to T-Cu concentration was highly correlated with pH in the soils (Fig. 1) . These results clari"ed that the Ex-Cu fraction had high toxicity to bacteria in the soils and was greatly in#uenced by T-Cu and pH value in the soils.
The C /Org-C ratio ranged from 0.0052 to 0.44 (Table  2 ) in the present study, which was extremely higher than those in other studies. This ratio was 0.006 to 0.024 in the beech forest soils (Anderson and Joergensen, 1997) , 0.0006 to 0.02 in the agricultural soils (Chander and Brookes, 1991) , and 0.011 to 0.057 in the paddy soils (Shibahara and Inubushi, 1997) . However, the ratio in the present study is comparable to those reported by Insam and Domsch (1988) . agricultural soils and 0.02 to 0.20 in the forest soils. According to Insam and Domsch (1988) , it must be assumed that the soils with very high C /Org-C ratio are in a very early stage of carbon accumulation. This assumption is also applicable to the present study, because these ratios are very high, especially in the soils with low organic C ( Table 2) .
Although the C /Org-C ratio is frequently used as a useful bioindicator of heavy metal contamination (Chander and Brookes, 1991; Fliessbach et al., 1994) , there was a positive correlation between the ratio and Cu amounts (HOAc-Cu and T-Cu) (Table 3) . A possible explanation for these relationships was that the values of C /Org-C (r"0.806), log [HOAc-Cu] (r"0.764), and log [T-Cu] (r"0.842) were each strongly correlated with the pH value. High Cu concentration in soils with high pH value may be due to Cu sorption on the soil constituents (Ross, 1994) . There was no negative signi"cant relationship between the C /Org-C ratio and the amounts of any Cu forms (Table  3) in the soils, which was inconsistent with the results of Nagumo (1996, 1997) . They reported that the C /Org-C ratio was negatively correlated with the amount of slightly soluble Cu including organically bound forms. There were three possible explanations for the discrepancy: (a) additional in#uences of other environmental factors except for Cu contamination on the ratio, (b) great di!erences in the qualities of soil organic matter (Alvarez et al., 1998) , and (c) signi"cant di!erences in the extractabilities of organic C in the chloroform fumigation}extraction (Kanazawa and Kunito, 1996) .
It should be noted that both C and cfu values were negatively correlated with the value of IC (Table 3) . Similar observations were previously reported for other Cucontaminated soils by Kunito et al. (1997b) . They assumed that this relationship was likely to be attributed to: (a) the suppression of the bacterial number by Cu toxicity, and (b) the increase in the ratio of Cu-tolerant bacteria for their superiority in competition among the bacterial community in Cu-contaminated soils (Kunito et al., 1997b) . As an alternative explanation, the nutrient condition might have a greater in#uence than Cu toxicity on the size of soil microbial biomass even in the highly Cu-contaminated soils. Nutrient limitation and acidity seem to have more adverse e!ects on microbial biomass in the soils with low organic C and low pH. In addition, little organic matter and acidity also caused the high Ex-Cu concentration in the soil (Ross, 1994) , leading to the high IC . The C and cfu are small in soils H, I, and K, owing to little organic matter and low pH (Tables 1 and 2 ). In these soils, Cu is released by organic matter and other soil constituents (Ross, 1994) , leading to the increase in Cu fractions with toxicity. It causes the decrease in the frequency of sensitive bacteria, increasing the IC . In the principal component analysis, the Cu fractions except for Ex-Cu were the dominating features in the "rst 178 KUNITO ET AL. component (Fig. 2a) . Microbial biomass (cfu and C ) and organic matter (Org-C and Total-N) contributed signi"-cantly to the second component, while only Ex-Cu had a negative value of the second component. Thus, the "rst component can be interpreted as re#ecting the degree of Cu contamination and the second component as re#ecting the soil fertility. The negative value of this component may re#ect Cu toxicity to the soil ecosystem. The interpretations were similar to the study of Wang et al. (1997) in which three nickel fractions bound to organic matter, Fe-Mn oxides and carbonates, contributed to the "rst component, and an exchangeable fraction contributed to the second component. They regarded the "rst component as the capacity factor of Ni, and the second component as the intensity factor of Ni in the soil.
A high IC value was found in the soil with a negative score for the second component (large Cu toxicity) (Fig. 2b) , con"rming that IC re#ects Cu toxicity to the soil ecosystem. In contrast, the C /Org-C ratio could not be explained by Cu contamination (Fig. 2c) , which was consistent with the results of the correlation analysis (Table 3) . Insam et al. (1996) also found no correlation between the C /Org-C ratio and the concentrations of heavy metals in the soils. The results might be caused by other factors as described above. Attention may be paid to the use of the C /Org-C ratio as a bioindicator of toxicity, since the size of the microbial biomass was in#uenced by other soil properties besides heavy metal contamination.
Copper fractions in#uencing the IC were investigated by a stepwise multiple regression analysis. Two variables, log [Ex-Cu] (P"0.01) and log [HOAc-Cu] (P"0.05), were found to signi"cantly contribute to the variation in IC . It was noted that there was no signi"cant in#uence on pH on the IC . The resulting regression equation was as follows: Adj. r"0.871, f"16.7, P"0.0014) .
Because the three fractions Ex-Cu, HOAc-Cu, and PyroCu are in equilibrium with one another (Viets, 1962; McLaren and Crawford, 1973) , Ex-Cu re#ects an intensity of toxicity while HOAc-Cu re#ects a capacity of toxicity, which is a source to the Ex-Cu fraction. These meant that both amounts of Cu fractions a!ect the Cu tolerance level of the bacterial community in the soils.
The results of this study suggested that the use of IC was more practical than the use of C /Org-C in the evaluation of the in#uence of heavy metal on the microorganisms in soils with various physico-chemical properties. However, the use of IC as a bioindicator of heavy metal contamination can reveal only &&relative'' toxic e!ect of metal to microorganisms in soils. Many microbiologists represent a bacterial tolerance level to heavy metal using a minimum inhibitory concentration (MIC) (Mergeay, 1991) . The MIC means the minimum concentration of heavy metal needed to inhibit a bacterial colony formation on an agar plate used. This value, however, signi"cantly varies among the mediums (Mergeay et al., 1985) because the forms of the heavy metals in the agar plate depend on the compositions in the medium. In the diluted TSB}agar plate used in the present study, it is likely that most of the Cu is present as Cu>, CuCl\, CuPO\ , and organo-Cu complex. It has been reported that the toxicity of the heavy metal depends on the free-ion activity (Zevenhuizen et al., 1979; Sunda and Gillespie, 1979; Jonas, 1989; Shuttleworth and Unz, 1991) . However, the percentage of free Cu ion in the total Cu amount in the diluted TSB-agar plate has not been determined. More detailed studies on the speciation of heavy metal both in mediums and soils will permit the &&absolute'' evaluation of the toxicity of the heavy metal to microorganisms in soils.
CONCLUSIONS
The copper tolerance level of the bacterial community was positively correlated with the Ex-Cu and was also in#uenced by the HOAc-Cu. The amount of Ex-Cu revealing high toxicity was a!ected by pH and the amount of T-Cu (Fig. 1) . Further studies are needed to consider other e!ects from various soil properties on the C /Org-C ratio in order to clarify the Cu forms suppressing this ratio.
